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. Graft hepatic arteries are usually reconstructed using the recipient hepatic arterial branches (Fig. 1) . Fig. 1 . A schematic diagram of hepatic artery reconstruction. dLHA, left hepatic artery of the donor; dRHA, right hepatic artery of the donor; rLHA, left hepatic artery of the recipient; rRHA, right hepatic artery of the recipient When assessing the donor's hepatic artery anatomy, the most important consideration is to precisely predict how many hepatic arterial stumps there will be on a graft (Fig. 2) . Sometimes, a hepatic graft has multiple hepatic arterial stumps, which usually have a very narrow caliber (Uchiyama et al., 2010a) . Thus, LDLT using such graft makes hepatic artery reconstruction difficult. Some transplant surgeons regard such a graft as a contraindication for LDLT (Broelsch et al., 1991; Kostelic et al., 1996) , and others have reported various arterial manipulations in donors that can be used to make the hepatic artery reconstruction easier (Takatsuki et al., 2006; Douard et al., 2002) . On rare occasions, a hepatic graft is expected to have three or more hepatic arterial stumps by CT angiography, in which hepatic artery reconstructions are extremely difficult. In such cases, the other side graft (i.e., right lobe) or a graft from another donor may be selected. 
Preparation of graft hepatic arteries for hepatic artery reconstruction
The arterial flows into the donor's remnant liver should never be compromised. In procuring a graft liver, special care should be paid not to make wall dissections of graft arteries by ligating the proximal site of the hepatic artery with excessive force, because wall dissection of the arterial stump is usually irreparable. On the backtable, it is not necessary to flush the graft artery with preservation solution because the preservation time is very short in LDLT. In fact, cannulating a flushing tube into the narrow graft artery increases the risk of making a wall dissection. Furthermore, there is no need to trim the graft artery on the backtable.
After the portal vein is reperfused and hemostasis is obtained to a certain degree, microvascular hepatic artery reconstruction is started. The micro-instruments and the microscope we usually use are shown in Figs. 3 and 4, respectively. Microvascular hepatic artery reconstruction is performed by 3 surgeons (Fig. 5 ). The primary surgeon and the first assistant face each other looking into the lens of the microscope. The second assistant exposes the surgical field.
First, the hepatic graft is brought up or rotated in a proper position to fully visualize the graft hepatic arteries (Fig. 6 ). The graft hepatic arteries in a right lobe graft usually exist deep in the right subdiaphragmatic space. By putting several piles of folded gauze under the graft liver, the graft artery is brought up, which makes the hepatic artery reconstruction easier. The graft hepatic arteries in a left lobe graft are usually covered by the graft itself. By pulling the round ligament upward or using a brain retractor, the graft hepatic artery can be exposed. It is very difficult to expose the graft hepatic arteries on a lateral graft used for small infants because of the very small abdominal cavity relative to the hepatic graft. However, by rotating the graft liver clockwise and pushing it into the left subdiaphragmatic space made by pulling down the spleen, the graft hepatic artery can be exposed. In preparing the graft hepatic arteries for anastomosis, they should be gently manipulated so as not to injure the arterial wall ( Fig. 7) . When a surgeon wants to move the arterial stump, only the surrounding connective tissue should be grasped. 
Preparation of recipient hepatic arteries for hepatic artery reconstruction
The recipient arteries to be used for hepatic artery reconstruction are usually hepatic arterial branches, such as the left hepatic artery, the middle hepatic artery, and the right hepatic artery. First, we determine how many graft hepatic arteries should be reconstructed. In our experience, 28% of hepatic grafts have two or more graft hepatic arteries (Table 1) .
Most of them are left hepatic grafts. Despite the greater difficulty of hepatic artery reconstruction when selecting left hepatic grafts with multiple hepatic arteries, we prefer to use a left hepatic graft because it increases donor's safety (Nishizaki et al., 2001; Soejima et al., 2006; Taketomi et al., 2009) . Table 1 . A summary of hepatic artery reconstruction. Note: Because one recipient received dual grafts, the total number of hepatic grafts is 402 in 401 LDLTs Most of the reported donor deaths are the result of right hepatic lobe donation (Miller et al., 2004; Akabayashi et al., 2004; Trotter et al., 2006; Ghobrial et al., 2008) . Although some surgeons have stated that it is not always necessary for all graft hepatic arteries to be reconstructed when backflows are observed from the second graft hepatic artery after reconstruction of the first artery (Ikegami et al., 1996; Kubota et al., 2000) because of the collateral arterial blood supply of the liver (Plengvanit et al., 1972) , our policy for a graft with two or more graft hepatic arteries is that all graft hepatic arteries should be reconstructed if it is technically feasible (Uchiyama, 2010a) . Incomplete hepatic artery reconstruction may result in relative arterial ischemia in a hepatic graft, which leads to biliary stricture, abscess formation, and so on (Yanaga, et al. 1990b; Suehiro, et al. 2002) .
To increase the number of candidate recipient hepatic arteries and in cases of very short graft hepatic arteries, the recipient hepatic arterial branches must be divided as peripherally as possible. When dividing hepatic arterial branches, a surgeon should pay special attention not to make a wall dissection. Patients with end-stage liver disease have enlarged hepatic arteries to compensate for their decreased portal venous flow, and as a result, they tend to have fragile hepatic arterial walls. Once an arterial wall dissection occurs, it often extends to the proximal celiac trunk and none of the tributary arteries of the celiac trunk can then be used for hepatic artery reconstruction. To avoid this devastating complication, we first gently tie a hepatic artery, then we place the second knot with a relatively secure force just above the first knot. The artery is then divided just above the second knot.
In selecting which hepatic arterial branch to use as an inflow artery, we prefer to use the left hepatic artery (Uchiyama et al., 2010b) . Patients with end-stage liver disease usually have a relatively large left hepatic arteries, of the proper size for hepatic artery reconstruction, because of the compensation for the decreased portal venous flow. Furthermore, our first choice for biliary reconstruction is currently duct-to-duct biliary reconstruction, which makes hepatic artery reconstructions using the recipient right hepatic artery relatively difficult. The recipient bile duct is partly nourished by small branches of the right hepatic artery. To make the right hepatic artery easy to use for reconstruction, the connective tissues between the common hepatic duct and the right hepatic artery are somewhat divided, which may disrupt those small nourishing arteries flowing into the common hepatic duct (Chen et al., 1999; Gunji et al., 2006) . The ischemia of the bile duct is considered to be one of the leading causes of anastomotic biliary stricture (Fan et al., 2002) . On the other hand, if the connective tissue is untouched for fear of disrupting the nourishing arteries, not only is it more difficult to reconstruct the hepatic artery using the right hepatic artery because the right hepatic artery does not have good flexibility, but also there will be a kink at the anastomosis site after performing duct-to-duct anastomosis.
When the recipient hepatic arterial branches cannot be used for an inflow artery, as in the case of a stiff arterial wall caused by repeated transarterial chemoembolization for hepatocellular carcinoma (Lin et al., 2009) , or intraoperative arterial injury, a surgeon should use any recipient arteries other than hepatic arterial branches, such as the gastric arteries (Wang et al., 2008; Ikegami et al., 2000) , as an inflow artery because a hepatic graft without any arterial flow may often succumb to graft failure or sepsis. We call this mode of hepatic artery reconstruction extra-anatomical hepatic artery reconstruction (Uchiyama et al., 2010c) . In reconstructing graft hepatic arteries extra-anatomically, we use the right gastroepiploic artery, the right gastric artery, the gastroduodenal artery, and so on (Table 2) . Table 2 . A summary of the recipient inflow arteries used in hepatic artery reconstructions So far, we have used only 3 interposition vessel grafts for hepatic artery reconstruction, namely one right gastric vein graft (Uchiyama et al., 2007) , one splenic artery graft and one superior rectal artery graft. The right gastric vein graft was used to fill a gap between the graft artery and the recipient inflow artery. The Y-shaped splenic artery graft was used to reconstruct two graft arteries from one inflow artery. The superior rectal artery graft was used to taper the caliber of a large recipient inflow artery. Because the use of an interposition graft necessitates at least two anastomoses, which may increase the rate of hepatic artery complications, it should be considered a last resort for hepatic artery reconstruction.
In preparing the recipient arteries, the outer surrounding tissue around the recipient candidate hepatic arteries has to be meticulously removed (Fig. 8) .
Recipients with end-stage liver disease often have dense nerve fibers and lymphatic vessels around the hepatic arteries. These fibers and vessels are obstacles for hepatic artery reconstruction and should be removed. Adequate blood flow is confirmed by releasing the proximal forceps. The number of stitches is determined according to the diameter of the arteries. These stitches are left untied until all stitches are placed, because it is easier to place each stitch correctly before they are tied, which is called the untied suture technique (Harashina, 1977) . (D) These stitches are tied one-by-one. Then, the double-clip is turned over. (E, F) Several stitches are placed on the other side of the arteries in the same manner
Hepatic artery anastomosis
After the preparation of both the donor and recipient hepatic arteries is complete, then the final step is to actually reconstruct the graft hepatic arteries. When considering the hemodynamics of the arterial flow, a direct end-to-end anastomosis is the preferred mode of reconstruction. All hepatic artery reconstructions we experienced were done by a direct endto-end anastomosis. A size-discrepancy up to 2 times is usually acceptable. However, anastomosing so large a recipient artery to a thin graft artery may lead to a rupture of the anastomosis. In such cases, another recipient artery should be selected. So far, we have never experienced a case that required end-to-side anastomosis.
Hepatic artery anastomosis using a double-clip
We prefer to use a disposable double-clip for performing anastomosis (Fig. 9 ). The desired grasp force is 45 to 60 grams. By fixing both the graft and recipient arteries, excessive forces at the anastomosis can be avoided. After the angle stitches are tied, these stitches are pulled in opposite directions using light clamps so that the arterial walls between the angle stitches are held horizontal with appropriate tension. (C) Several stitches (usually 4 or 5 stitches) are placed between the angle stitches. The number of stitches is determined according to the diameter of the arteries. These stitches are left untied until all stitches are placed, because it is easier to place each stitch correctly before they are tied, which is called the untied suture technique (Harashina, 1977) . (D) These stitches are tied one-by-one. The arteries being anastomosed are turned over by pulling each angle stitch in the opposite direction. (E, F) Several stitches are placed on the other side of the arteries in the same manner
Hepatic artery anastomosis without a double-clip
Sometimes, surgeons encounter a situation where a double-clip cannot grasp the arteries to be anastomosed because of the stiffness of the arteries or because the stump is too short. In such situations, hepatic arteries are reconstructed using two tension stitches placed at the 6 o'clock and 12 o'clock positions (Fig. 10 ).
Posttransplant management
Daily Doppler ultrasound should be performed to check for intact hepatic arterial flows for 7 days after transplantation (Fig. 11) . We use neither anti-coagulant nor anti-platelet agents for the purpose of preventing hepatic artery thrombosis. Current Doppler ultrasound machines are so accurate (Kaneko et al., 2004 ) that they rarely give false positive results (good pulsatile hepatic arterial flows in the graft are detected even when there is a hepatic arterial problem). Whenever there is no pulsatile hepatic arterial flow on Doppler ultrasonography, the patient should immediately undergo contrast-enhanced CT. If there is a suspicion of hepatic artery complications, invasive angiography should be performed, and any attempts to restore the hepatic arterial flow into the graft need to be made within several hours, or devastating consequences (graft failure, sepsis, etc.) will occur.
With regard to repairing hepatic artery complications, our first choice is surgical revision of the HA anastomosis, although there have been some reports regarding non-surgical interventional therapy or retransplantation (Maleux et al., 2005; Kodama et al., 2006; Fistouris et al., 2006) . Fig. 11 . Doppler ultrasonography is used to detect the intact hepatic arterial flow in the graft liver
Hepatic artery complications after living donor liver transplantation
So far, we have experienced 6 hepatic artery complications (Table 3 , Fig. 12 ). Most of them occurred in our early experience.
Patient #17 underwent an auxiliary partial orthotopic LDLT. The case was previously reported as a case report (Uchiyama et al., 2007) . The left hepatic graft had a single left hepatic artery, which was reconstructed using the right gastric artery interposed by the right gastric vein graft. There was a restriction on the use of recipient inflow arteries because the native residual liver also had to receive arterial inflows. The patient underwent a follow-up CT examination at 4 years after the LDLT without any symptoms, and an aneurysm at the vein graft was found incidentally. Six months later, the patient underwent a follow-up CT examination again, and the aneurysm was found to be growing. We performed an aneurysm resection and hepatic artery re-reconstruction using the right gastroepiploic artery. The patient is now alive and still doing well at 12 years and 3 months posttransplant.
Patient #18 suffered refractory anastomotic bile leakage after the first LDLT and had to undergo repeated drainage tube insertions to drain infected biloma. On posttransplant day 28, the serous transaminases were steeply elevated and the pulsatile hepatic arterial flows disappeared on Doppler ultrasonography. Emergency angiography was performed which revealed that there was no hepatic artery inflow into the hepatic graft. Although we tried to re-reconstruct the hepatic artery, the tissues around the hepatic hilum had become very fragile because of the infected biloma and we could not perform hepatic artery rereconstruction. The patient underwent re-LDLT and is still alive at 12 years and 2 months posttransplant.
Patient #39 experienced an unstable clinical course after LDLT, in which hypotension, atrial fibrillation, and oliguria persisted. On posttransplant day 7, the serum transaminases were steeply elevated and no pulsatile arterial flows in the hepatic graft could be detected. Emergency angiography revealed that there was a hepatic artery thrombosis at the anastomosis. An emergency operation was performed to restore the hepatic arterial flows into the graft. The thrombus partially extended into the graft from the origin at the anastomosis. After the thrombus was removed from the graft hepatic artery as much as possible, the arterial re-reconstruction was accomplished using the recipient gastroduodenal artery. Nevertheless, the patient died of multiple organ failure with intact hepatic arterial flows on postransplant day 10.
Patient #73 received a right hepatic graft and the right hepatic artery was anastomosed to the right hepatic artery of the recipient. On posttransplant day 7, the pulsatile flows on Doppler ultrasonography were shown to be weakened, and emergency angiography revealed there was an arterial wall dissection which extended 3 cm proximally from the anastomosis. The dissected wall was resected, and the graft hepatic artery was rereconstructed using the left gastric artery.
Patient #203 received a right hepatic graft with two hepatic arterial stumps. The main right hepatic artery and the accessory A6 artery were each reconstructed using the anterior branch of the right hepatic artery and the posterior branch of the posterior branch of the right hepatic artery, respectively. This was an ABO-incompatible case, and a cannulation tube was inserted into the hepatic artery for local graft infusion therapy (Egawa et al., 2008) , which was considered to have caused the later hepatic artery complication. On the posttransplant day 10, the pulsatile flows on Doppler ultrasonography were shown to be weakened, and emergency angiography revealed there was an arterial wall dissection which extended proximally from the anastomosis with intact A6 arterial flow. We considered that 77 Table 3 . The hepatic artery complications in our series Fig. 12 . The hepatic artery-related complication rate in our series this tiny A6 artery could not sustain the right hepatic graft, and a reoperation was performed. The dissected wall was resected, and the graft main right hepatic artery was rereconstructed using the recipient right gastroepiploic artery.
Patient #292 received a left lobe graft with two graft hepatic arteries. The graft replaced left hepatic artery and the graft middle hepatic artery were anastomosed to the recipient left hepatic artery and the recipient middle hepatic artery, respectively. The patient was incidentally found to have an aneurysm at the anastomosis between the graft replaced left hepatic artery and the recipient left hepatic artery. The aneurysm was resected and the graft replaced left hepatic artery was re-reconstructed.
Conclusion
With the technical advances made in hepatic artery reconstruction, plus our experience with the procedures, we have not recently encountered any hepatic artery-related complications. Although mastering microvascular surgical techniques is time-consuming, we think that this is the most reliable procedure for hepatic artery reconstruction, especially in LDLT for small recipients. The next issue that must be addressed is how to securely pass these techniques to the next generation.
